Abstract. We have developed a neutron detector for light-weight portable neutron survey meter using a proportional gas counter for dose management at nuclear power plants and accelerator facilities. This survey meter is approximately 15 cm diameter x 30 cm long in size, which is capable of measuring ambient neutron dose equivalent H*(10). This neutron survey meter, without a heavy polyethylene moderator, is approximately 2 kg in weight, which is over 70 % lighter weight than the conventional moderated-type survey meter.
Introduction
Portable neutron survey meters that are widely used at nuclear facilities have generally heavy weight of about 7 to 11 kg [1] because of a polyethylene moderator surrounding a central thermal neutron detector. Their handling is therefore tiresome for surveying the neutron dose level in a wide area in the environment. To make the handling of neutron survey meter easier, we newly developed a lightweight neutron survey meter of about 2 kg without using the moderator. The characteristics of the neutron detector for neutron energy response, angular distribution and detection efficiency were investigated by measurements at several neutron reference fields and simulations with the PHITS Monte Carlo code [2, 3] .
Detector
The neutron detector is a proportional gas counter consisted of methane gas of 0.4 MPa and nitrogen gas of 0.1 MPa. The detector is almost a spherical shape of approximately 13-cm diameter and effective volume is approximately 1400 cm 3 . The weight of this detector is approximately 720 g.
The neutrons are measured using the mixed gas. Fast neutrons above several hundreds keV are measured using the elastic scattering reaction of hydrogen of the methane gas and slow neutrons including thermal neutrons are measured using the 14 N(n, p) 14 C reaction of nitrogen gas. The proton energy in this reaction is 626 keV. The electrical pulses are obtained with the protons produced from these reactions. By using these two reactions the neutron ambient dose equivalent can be obtained from thermal neutrons up to about 15 MeV.
Experimental setup
The characteristics of the neutron detector were investigated by using various neutron sources. Fig. 1 shows the experimental arrangement. Signals from the neutron detector operated under the supply voltage of +1300 V were fed into a pre-amplifier, ORTEC 142PC, and an amplifier, ORTEC 855, then fed into multi-channel analyzer, MCA600. The plateau curve was measured by using neutrons from 252 Cf source and the total counts were obtained by summing up the output pulses above the noise level. The plateau curve is almost constant in supply voltage from +800 to +1800 V, as shown in Fig. 2 and the supply voltage was decided as 1300 V. Am-Be and thermal neutrons generated from graphite pile loading an 241 Am-Be source [4] at the High Energy Accelerator Research Organization (KEK), and using monoenergetic neutron sources of 8, 144, 250, 550 keV and 1, 2, 5, 14.8 MeV at the National Institute of Advanced Industrial Science and Technology (AIST) [5] , the Facility of Radiation Standard (FRS) [6] of Japan Atomic Energy Agency (JAEA) and the Fast Neutron Laboratory (FNL) [7] of Tohoku University. The detector was located at the distance of 80 to 250 cm from the neutron source, and for 8 keV and thermal neutron experiment, the detector was located at a closer distance of 50 and 30 cm from the surface of the target and of the graphite pile, respectively, because of low neutron flux. The room-scattered neutrons were subtracted from the measured results by estimating them with the shadow corn method except the thermal neutron field. Angular distribution was measured using a continuous energy neutron source of 241 Am-Be from 0 degree to 90 degree in 15 degree step at Fuji Electric Systems Co., Ltd. (FES). The detector was located at the distance of 150 cm from the neutron source and of about 100 cm from the concrete floor. The room-scattered neutrons were not corrected in this measurement.
The influence of the gamma-ray pulses with high-dose rate to neutron pulses was investigated using a 137 Cs source at FES. The gamma-ray measurements was done up to 1 mSv h -1 dose late.
Results and discussion

Pulse height distributions
Figs. 3 and 4 show the examples of pulse height distributions when irradiated 1, 2 and 15 MeV monoenergetic neutrons, thermal neutrons and 241 Am-Be continuous energy neutrons. In Fig. 3 , the peak component around 626 keV is due to protons from the 14 N(n, p) 14 C reaction with thermal neutrons. The pulse height distributions for 1 and 2 MeV monoenergetic neutrons are due to recoil protons from the H(n, n) reaction and the edge at the high energy end corresponds to the maximum energies of irradiated neutron energies. Although the pulse height distributions for continuous energy neutrons of 241 Am-Be and 15 MeV monoenergetic neutrons, in Fig. 4 , are also due to recoil protons, the high-energy recoil proton events decrease due to decrease of the stopping power of proton with increasing the neutron energy.
Neutron events can be determined by summing up the counts above the discrimination level, which was set to be about 400 keV. This discrimination level was determined to discriminate the gamma-ray event pulses at 1 mSv h -1 of 137 Cs gamma rays and the gamma-ray response was under 1 %. 
Neutron energy response for neutron fluence
The neutron energy response for neutron fluence was obtained by summing up the total counts above the discrimination level of 400 keV. The errors, 2σ, were estimated from statistical errors of detector counting, reference neutron fluence, distance and uncertainties of radiation sources. Statistical errors of the total counts were usually less than 10 %, but in case of 8 keV monoenergetic neutrons irradiation, the statistical error was more than 95 %, because of low neutron flux and low neutron sensitivity in the energy around 100 keV. Errors of reference neutron fluence and distance were expected less than about 15 %, respectively, but in case of thermal neutron irradiation, the error of distance was expected about 45 %. Uncertainties of radiation source intensities were less than 10 %. The thus-obtained neutron energy response was compared with the fluence-to-ambient-doseequivalent conversion coefficient, h*(10), given by ICRP Pub. 74 [8] .
The neutron energy response is shown in Fig. 5 . The open circles are the experimental results, the broken line is the fluence-to-ambient-dose-equivalent conversion coefficient, h * (10). The solid line of histogram is the calculated results using the PHITS code using the cross section library of JENDL 3.2 [9] . Calculated results are in very good agreement with the experimental data over the whole energy region from thermal energy to 15 MeV. It is found that this neutron detector has good response for neutron energy from 400 keV to 10 MeV which is within 50 % difference to h * (10).
High-energy neutron response at 14.8 MeV gives underestimated values of approximately -70% to h*(10). This is because that the neutron elastic scattering reaction cross section with the hydrogen decreases and also the energy deposition of recoil protons decreases, due to decrease of the stopping power of proton with increasing the energy, then leads to decrease of the signals which can exceed the discrimination level.
The neutron energy responses from 8 keV to 250 keV give largely underestimated values under 2 % to h*(10). This is because the cross section values of 14 N(n, p) 14 C reaction decrease in proportion to neutron energy and the energy deposition of recoil protons can not exceed the discrimination level of 400 keV which is set to avoid the gamma-ray contamination. The thermal neutron response at 0.025 eV, on the other hand, gives overestimated values of about twice to h * (10). However for wider energy range from 0.025 eV to 10 eV in thermal and epithermal regions, the average value of energy response of this detector gives good agreement of 50 % difference to h*(10) averaged over this energy range.
To improve the deviation, which mentioned above, of neutron energy response from h*(10), we are now applying the G-function method [10] using the actual neutron field spectra at nuclear facilities [11] in the energy region below 400 keV.
Neutron detection efficiency
Neutron detection efficiency was obtained to divide the total counts summing up above discrimination level by reference neutron fluence or reference neutron dose equivalent using continuous energy neutron sources of 252 Cf, 241 Am-Be and thermal neutrons generated from graphite pile loading an 241 Am-Be source. The reference neutron dose equivalent was obtained to multiply the reference neutron fluence by the fluence-to-ambient-dose conversion coefficient of 385 and 391 pSv cm 2 
Angular distribution
Angular distribution was obtained using a 241 Am-Be neutron source from 0 to 90 degree in 15-degree step as shown in Fig. 6 . Errors, 2σ, were estimated from statistical error and distance of both has about 10 %. The angular distribution of this detector is almost constant within 20 %, because it has almost a spherical shape. 
Conclusion
We developed the neutron detector for the light-weight type neutron survey meter, which is a proportional gas counter consisted of mixed organic gas, without a polyethylene moderator. Performance tests of pulse height distribution, neutron energy response, neutron detection efficiency and angular distribution were performed using monoenergetic neutrons and continuous energy neutron sources. In pulse height distributions, the peak component due to thermal neutrons and the edge at the high-energy end were confirmed at 626 keV and at the irradiated neutron energies, respectively. With summing up the counts above the discrimination level, the neutron energy response were obtained from thermal energy to 10 eV and from 400 keV to 10 MeV within 50 % difference to h*(10). The neutron energy response, on the other hand, from 10 eV to 400 keV and over 10 MeV was over -50 % difference to h*(10). We are now going on to improve these underestimated responses in this energy range. Angular distribution was within 25 % from 0 degree to 90 degree. Neutron detection efficiencies were obtained for 252 Cf, 241 Am-Be and thermal neutrons, which were 1.03, 0.76 and 0.11 cm 2 , respectively. This neutron detector has a good response to continuous energy neutron sources.
